Spiders produce silk fibers with remarkable mechanical properties using an ultraoptimized spinning process. The fluid precursor material used to draw the silk threads is a lyotropic nematic liquid crystal. The mechanical properties of the silk fibers as well as their processability are strongly affected by the complex structural transitions undergone by the nematic liquid crystal precursor along the spinning line. Our work focuses on the particular structure adopted by the nematic precursor in the extrusion duct of the spinning apparatus. This structure is characterized by a succession of well defined point defects located on the axis of the cavity and interacting on each other through elastic mediated forces. The phenomenon described is both important in understanding the process-induced structuring of spider silk fibers and to defect physics.
Introduction
Spiders' ultra-optimized and ecological spinning process produces a fiber with mechanical properties comparable or even superior to the best man-made superfibers, which use corrosive solvents and cause significant environmental degradation [1, 2] . Hence, there is a great deal of interest in understanding the intricacy of their design and processing routes. Many environment friendly exciting applications are envisaged upon the successful replication of spiders' fibers and complex spinning line [3] [4] [5] .
Spider silk fibers are known to be spun from a lyotropic nematic liquid crystal emerging from a highly concentrated water-based solution of rod-like molecules or aggregates [6] [7] [8] . A quintessential property of this silk precursor is its capacity Figure 1 : Structure of the radial (a) and hyperbolic (b) point defects found along the spinning duct of spiders in terms of the director field n(r).
to maintain some degrees of orientational order while still flowing as a liquid. This orientational order is characterized by the tendency that have neighboring rod-like units to align their long axis in parallel along a common direction [9, 10] . This preferred molecular orientation usually varies from subregion to subregion in the mesophase (i.e., intermediate phase) due to elastic effects coupled with geometrical and interfacial constraints [9] . The evolution of orientational order or molecular orientation along the spinning pathway is crucial as it affects the processability of the silk precursor mesophase and determines the microstructural details of the solidified fiber and therefore its remarkable physical properties [6] [7] [8] . Spiders' spinning line basically consist in a tail where the silk precursor material is synthesized, a central bag where it is stocked in a very concentrated solution, and an extrusion duct from which the silk fiber is drawn [8, 11] . Observations made by polarized light microscopy in the extrusion duct have revealed the presence of a complex orientation structure known as escaped radial with point defects (ERPD) [8, [12] [13] [14] . The point defects, referred as hedgehogs or monopole, are located where the direction of bending distortions changes. At those particular locations, orientational order melts. Two types of point defects are alternatively found in the cylindrical cavity of the extrusion duct: the radial and the hyperbolic hedgehogs. Figure 1 shows the characteristic structures of the radial and hyperbolic hedgehogs in term of a director field n(r) giving the local average preferred orientation of the molecules. The unit directors are drawn arrowhead-free as there is no physical difference between the vector field n(r) and −n(r) [9, 10] .
Whether this complex molecular structure is an accident of Nature or a necessary ingredient of the spider biospinning process is unknown at present. Nonetheless, one my hypothesized that this configuration with its orientational defects may play an important role in the control of material crystallization along with water pumping, ions exchanges and pH reduction phenomena [8] . Indeed, a premature www.witpress.com, ISSN 1743-3541 (on-line) crystallization of the silk may indeed cause the permanent blockage of the extrusion system and ultimately lead to the death of the animal [8, 15] .
Nematic point defects confined in cylindrical geometries have been first experimentally observed and explained in the early seventies [16] [17] [18] [19] . They are typically observed when a nematic mesophase is confined in cylindrical capillary with lateral walls enforcing strong radial anchoring (i.e. molecules are forced to orient radially at the surface). Point defects with opposite topological charges are known to annihilate by pairs. This has been experimentally observed [16] [17] [18] [19] [20] [21] and theoretically described [20, [22] [23] [24] [25] [26] . Results have shown that when two defects are separated by less than a tube diameter they usually attract until they eventually annihilate. As the two defects come closer their speed increases exponentially. At large separating distance the situation is far less clear as some studies support the hypothesis of a total screening of the attraction force [23] [24] [25] while others support a repulsion force [22, 27] . Recent experiments have also shown a possible speed anisotropy between the point defects [28] but the role played by elastic anisotropy and back-flow in this phenomenon has not been clearly established yet.
Obviously these phenomena become even further involving when considering not two point defects but rather a whole a array of them. Some studies have in fact touched this problem in a statistical manner but no experimental data have yet corroborated them [29] . During their evolution arrays often splits into sub-arrays of few interacting defects with alternating signs. This work aims at describing what can possibly happen inside those sub-arrays. These results should be useful in improving the understanding of arrays of nematic point defects and therefore of their behavior along the spinning duct of spiders, and hence contributing to the on-going efforts to develop systematic technology transfer from Nature to fiber engineering.
Modeling
In this section we briefly present the necessary theoretical background to study the dynamics of nematic point defects that is essential to silk bio-spinning.
The continuum dynamic equation describing the structure evolution of a nematic liquid crystal is typically derived from the minimization of a free energy functional depending on some orientational order parameter that characterizes molecular order and macroscopic texture [9] . In the simplest continuum approach, the orientational order of parameter is a unit vector n(r), called director, giving the average preferred orientation of the molecules at a point r. The energy cost associated with the distortions of the director field is then given by the Frank distortion energy [9] :
where K 1 , K 2 , K 3 are elastic constants for the three modes of orientational distortions occurring in nematic: splay, twist and bend. It is useful and moreover appropriate to adopt the so-called one constant approximation:
Within this approximation, no speed anisotropy can be attributed to elastic effects. The Frank free energy simplifies to:
This vectorial approach is generally well suited to study small and continuous deformations of the nematic liquid crystal. However, this approach generally fails in the vicinity of defects where the director field may be discontinuous causing, in turn, the distortion free energy to become infinite. However, this problem can be overcome in a rather straightforward manner by allowing the director to deviate from its unit length constraint and act as an additional order parameter measuring the degree of molecular alignment along itself. In this work we employed a regularized Frank elastic free energy of the form [30, 31] :
where δ is a penalty parameter related to the size of the defect core. The second term on the right-hand side of Eq. 3 is the penalty function that allows the director to deviate from unity in orientational defects and the distortion energy to be bounded. The time dependent equation for the rotation of the director is determined by the balance between a viscous and an elastic torque. The latter, which is usually refereed as molecular field, is given by the variational derivative of the Frank elastic free energy. The transient director equation is then:
where γ is a constant associated with the rotational viscosity of the director. In order to reduce the number of parameters and facilitate the analysis of the results we non-dimensionalize the governing equation by introducing the characteristic time and length scales of the problem. Lengths are measure in terms of the capillary radius and therefore:r = r/R. The time scale is determined by the typical relaxation time of the director field and is given by:t = t/τ with τ = γR 2 K . Given that the solutions to our problem have an obvious rotational symmetry around the axis of the cylindrical cavity we consider a two dimensional computational space representing half of a longitudinal cross section and we accordingly employ cylindrical coordinates (r, z). The width L and height R of the computational domain are set to 5 and 1, respectively. Finally, the boundary conditions on the outer wall and end caps are respectively strong radial anchoring and no flux. interacting between each other. We consider scenarios involving three and then four nematic point defects.
Interactions between three point defects
In this case we examine the influence of a point defect on the interaction between a neighboring pair. Note that the global charge of the system does not alter the results presented. As we mentioned earlier, when two defects of opposite charges are sufficiently close one another (i.e., when their separating distance is smaller or equal to the tube diameter) they usually attract and finally annihilate living no trace of their previous existence. Furthermore when no back-flow or anisotropic elastic effects are considered, the two defects travel at the same speed and therefore meet at the midpoint between their initial positions. This behavior can be however significantly affected by the presence of an additional defect interacting with the pair. Figure 2 shows the trajectories of three nematic point defects as a function of time for three different scenarios. In all three cases, two defects, forming a pair, were initially held at the same separating distance d i = 0.95 while a third perturbing defect was placed at different distances d p = 1.05, 1.55, 2.05 away from that pair. It can be seen from fig. 2 that as d p increases, the effect of the perturbing defect becomes weaker. For the case d p = 2.05 (the separation tends to the screening length), the pair is annihilating practically at midpoint and roughly unaware of its presence. The reverse is also obviously true for the perturbing defect which is just weakly initially attracted by the pair. When d p = 1.05 (the distances between the three defects are comparable), the trajectories become distorted as the system tries to globally reduce the distance separating the defects, including d p .
One can see that the pair does not annihilate at midpoint anymore indicating speed anisotropy between the two defects. Furthermore, the time required for the pair annihilation is found to increase as d p decreases. Figure 3 illustrates the dynamic structural changes occurring in the case d p = 1.05. In this figure, the small segments give the director field while the gray scale provides and indication of its length thereby providing an alignment scalar order parameter.
Interactions between four point defects
We now turn to cases where all defects can potentially annihilate by pair and disappear from the system. The system has now two pairs and therefore an additional important length to take into account. We denote by d j this distance separating the second pair of defects. As for the previous cases of three defects, one pair is held at Figure 4 shows the trajectories of the four defects as a function of time for different initial positions of one defect. It can be seen that when d p is large and approaching the screening distance, the two pairs annihilate unaware of each other. The pair whose initial interdefect separating distance is the smallest annihilates the fastest. In the second case d i ≈ d j ≈ d p and the two pairs annihilate in the same time frame. The trajectories of the defects in each pair are asymmetric as the two exterior defects are traveling faster than their inner counterpart. It is also important to note that the two inner defects do not collapse together despite being separated by the same distance with respect to the exterior defects. This provides evidence that each defect is affected by all the remaining ones and the attraction felt is proportional to the separating distances. In the third and last case, d p < d j and the inner defect is more attracted by the other inner defect rather by the closet exterior defect so that three defects tend to go in the same direction. Unfortunately for the rebelling defect, it is still slowed down enough by the attraction of the closet exterior defect so that it cannot reach the other pair on time and it is forced to change direction once the first pair has collapsed. This change of direction considerably lengthens the annihilation process of the second pair. As observed from the case of three defects the annihilation time scale increases as d p decreases. Figure 5 illustrates the dynamic structural changes occurring in the case
the reported experimental observation of those types of liquid crystal defects and related structures along the spinning extrusion duct of spiders. The cases of subarrays of three and four mutually interacting defects were presented. Despite the absence of back-flow and elastic anisotropy effects, strong anisotropy were put in evidence due to the sole effect of collective interactions. As for the much studied case of two interacting point defects, the screening distance after which the defects were unaware of each other and pinned was found to be around one diameter. A phenomenon of direction change that cannot be observed when considering only two defects was also featured. The different simulations have shown that defects are always attracted by their closet complementary neighbor but still affected by all the other defects below the screening distance. The results presented here should be useful in both improving the understanding of point defects in the context of the process-induced structuring of spider silk and to the more universal physics of defects. This work is supported by the Natural Science and Engineering Research Council of Canada (NSERC). G.D. wishes to acknowledge financial support from NSERC through the CGS program.
